To determine the stability of pulsed-field gel electrophoresis (PFGE) patterns of methicillin-resistant Staphylococcus aureus in the nosocomial setting, we analyzed isolates from long-term carriers (>1 month) and from patients involved in well-defined nosocomial epidemics. The number of fragment differences between the first isolate and subsequent isolates in long-term carriers showed a bimodal distribution, with one group having 0 to 6 fragment differences and the other group having 14 to 24 fragment differences. The PFGE patterns of isolates involved in epidemics also presented a similar bimodal distribution of the number of fragment differences. Typing these isolates with another molecular method (inter-IS256 PCR) showed that isolates of the first group (i.e., with 1 to 6 fragment differences) were clonally related, whereas the second group (with 14 to 24 fragment differences) could be considered genetically different. Among long-term carriers with clonally related isolates, 74 of 84 (88%) of consecutive isolates showed indistinguishable patterns, whereas 10 of 84 (12%) showed related patterns differing by one to six fragments. Moreover, the frequency of apparition of related patterns is higher when the time between the first and the subsequent isolate is longer. During seven nosocomial epidemics lasting from 1 to 15 months, only 2 of 120 isolates (1.7%) showed a pattern which was different, although related, from the predominant one involved in each of these outbreaks.
Pulsed-field gel electrophoresis (PFGE) analysis of genomic macrorestriction DNA fragments is one of the most commonly used methods for the epidemiological typing of many bacteria. When the method is used for the investigation of an epidemic, it has been proposed that the so-called "related" isolates should be considered as probably (a 1-to 4-DNA-fragment difference) or possibly (a 5-to 7-DNA-fragment difference) part of the outbreak (6, 10, 12) .
The mutation rate, including point mutations, genetic rearrangements, and horizontal transfers of mobile DNA elements such as phages and transposons, is different from one bacterial species to another. In a given typing system, the mutation rate will directly influence the stability of the typing patterns during the replication cycles of a given bacterial clone. Thus, for a given bacterium, the epidemiological interpretation of related PFGE patterns will depend on the time and space scales that one considers (2, 9, 11, 13) . For a species which has a high mutation rate, isolates with related patterns observed over a short period of time should be considered as sharing recent epidemiological links. On the other hand, if the species has a low mutation rate, isolates with related patterns are likely to have more distant epidemiological links. To evaluate the evolution rate of typing patterns, long-term experiments using microbial in vitro cultures extended over several years have been proposed (11, 13) . However, this may not properly reflect the in vivo conditions of microorganism multiplication and transmission, conditions that might influence the mutation rate of the organism, and investigations using natural conditions of growth of the microorganism should also be performed (9, 11, 13) .
The purpose of the present study was to examine the stability of PFGE patterns of methicillin-resistant Staphylococcus aureus (MRSA) strains. This was investigated by the analysis of MRSA isolates of long-term carriers and of patients involved in well-defined epidemics observed in acute care hospitals with low (Switzerland) and high (Belgium) MRSA rates. The results allow criteria for the interpretation in epidemic and endemic nosocomial investigations of PFGE results to be set.
MATERIALS AND METHODS
Typing. PFGE typing was carried out in each center with the same technique (3, 10) . Plugs of genomic DNA were obtained by lysis with lysostaphin, followed by a treatment with proteinase K. The DNA was digested with the enzyme SmaI, according to the manufacturer's recommendations. Electrophoresis was performed by using a CHEF DR II or III system (Bio-Rad, Hercules, Calif.) in a TBE 1ϫ buffer; the conditions were 6 V/cm at 12 to 14°C, with alternating pulses at a 120°angle in a 1-to 45-s pulse time gradient for 24 h (Lausanne) or a 5-to 15-s gradient for 10 h and then a 15-to 45-s gradient for 15 h (Brussels). The banding patterns of the different gels were analyzed with the GelCompar software (Applied Math, Kortrijk, Belgium). Inter-IS256 PCR typing was performed on bacterial lysate obtained in a three-step procedure with lysostaphin, proteinase K, and boiling, as already described (4) . Amplification of the inter-IS256 region was performed using the Ready-To-Go RAPD beads (Amersham Pharmacia Biotech, Roosendaal, The Netherlands).
PFGE and inter-IS256 PCR patterns were each interpreted independently by two different persons. The number of fragment difference between two patterns was the sum of all fragments present in one pattern but absent in the other. For inter-IS256 PCR patterns, two isolates were considered identical when they differed by 0 or 1 fragment and different when they differed by more than 1 fragment (4).
Long-term MRSA carriers. were defined as patients from whom two or more MRSA isolates were recovered during a period longer than 1 month, during either the same or different hospital stays. Only one isolate per quarter was analyzed (1 to 3, 3 to 6, 6 to 12, and Ͼ12 months [ Table 1 ]). They were identified from the MRSA surveillance database of either the University Hospital of Lausanne (CHUV) or the Erasme University Hospital of Brussels (ULB).
Epidemics. Seven epidemics were investigated. An epidemic was defined as a significant increase in the number of patients harboring MRSA during a given period of time (maximum of 15 months) in the same institution. The duration and number of persons involved in each epidemic are indicated in Table 2 . Epidemics were investigated by the infection control teams of either the CHUV or the ULB hospital.
RESULTS

Analysis of PFGE patterns of MRSA isolates in long-term carriers and epidemics.
A total of 165 MRSA isolates from 77 long-term carriers and 138 isolates from seven epidemics were analyzed by PFGE. The fragment differences were counted between patterns of the first and subsequent isolate(s) of longterm carriers and between the predominant epidemic pattern and other patterns observed during each epidemic (see Fig. 1 for examples). The distributions of the number of fragment differences are shown in Fig. 2 . Both figures show a bimodal distribution: a first group with 0 to 6 fragment differences and another with 14 to 24 fragment differences. A perfect concordance between the results of comparison of PFGE patterns by the two persons were obtained when the two patterns differed by six fragments or less. Variations of only 1 to 4 fragments in the interpretation of fragment difference were observed when patterns were compared that differed by more than 14 fragments. These variations did not affect the results.
Analysis of clonality of MRSA isolates showing different PFGE patterns.
To assess whether two isolates of the first group were clonally related and whether two isolates of the second group should not be considered clonally related, a selection of 97 isolates was typed by another molecular method: inter-IS256 PCR. This sample included isolates presenting PFGE patterns showing a Ն1-fragment difference collected from 16 long-term carriers (n ϭ 31) and from four epidemics (n ϭ 20). In addition, we selected isolates showing indistinguishable PFGE patterns: 10 pairs of isolates in long-term carriers (n ϭ 20) and five to seven isolates per epidemic (n ϭ 26). In long-term carriers, the first and last available identical isolates were selected. In epidemics, identical isolates were randomly selected over the whole period of the epidemic.
Comparison between PFGE and inter-IS256 PCR showed that all 45 isolates with a 0-to 6-fragment difference in PFGE were identical to their reference as determined by the inter-IS256 PCR typing method, whereas the 27 isolates with 14-to 24-fragment differences by PFGE analysis were different. Thus, isolates producing "related" PFGE patterns (differing by 1 to 6 fragments) were clonally related, whereas those with 14-to 24-fragment differences were genetically different. Consequently, isolates of this latter group should not be considered as part of the epidemic or, in long-term carriers, as a colonization with a different strain.
Analysis of the stability of PFGE patterns of MRSA based on the analysis of clonal isolates. Pairs of isolates from longterm MRSA carriers colonized with clonally related strains were analyzed. The majority of subsequent isolates (74 of 84 [88.1%]) had a pattern indistinguishable from that of the first isolate ( Table 1 ). The 10 (11.9%) remaining clonal isolates showed variant patterns differing by one to six DNA fragments. These 10 variants were isolated from nine persons, with one person exhibiting two different variants. Moreover, the frequency of apparition of related patterns was higher when the time between the first and the subsequent isolates was longer (2.5% for 1 to 3 months to Ͼ26% for Ͼ6 months).
Seven nosocomial epidemics with clonally related isolates were analyzed. They involved 6 to 31 persons over periods varying between 1 and 15 months (Table 2) . During these outbreaks, only 2 of 120 (1.7%) persons harbored a MRSA strain with a PFGE pattern distinct but related to the predominant epidemic pattern. The first isolate had two-fragment difference compared to the predominant pattern (epidemic of 3 months' duration), whereas the second isolate had a six-fragment difference and was isolated 15 months after the beginning of the epidemic.
DISCUSSION
Analysis of MRSA isolates with two different typing methods (PFGE and inter-IS256 PCR) strongly suggests that S. aureus isolates producing PFGE patterns differing by 6 fragments or fewer should be considered clonally related, whereas isolates with patterns differing by 14 or more fragments should be considered genetically different. This is in agreement with the theoretical presumptions (6, 12) . These findings allow us (i) to differentiate persistent colonization from colonization with a new strain in long-term carriers and (ii) to ascertain clonally related isolates in epidemics. Moreover, in long-term MRSA a In nine carriers, the first isolate was compared to more than one subsequent isolates (two for eight carriers and six for one carrier; the latter carrier had four identical isolates at days 70, 129, 286, and 450 and two different related isolates at days 472 and 517).
b That is, a 1-to 6-fragment difference. carriers, 9 of 10 related patterns had a Յ4-fragment difference and 1 of 10 had a 6-fragment difference. This is consistent with the theoretical consideration that one mutation (suggested by a difference of Յ4 fragments) should be more frequently observed than two mutations (as suggested by a difference of 4 to 7 fragments) (6). Only 11.9% of the subsequent isolates of long-term MRSA carriers showed a pattern different but related to the first one. Our results are in agreement with those of another study, which investigated sequential MRSA isolates (30 to 228 days) from colonized patients and showed that 80% of the subsequent isolates had a PFGE pattern indistinguishable from that of the initial one and only 20% showed a related PFGE pattern (1-or 2-fragment difference) (7). Furthermore, our results show that the frequency of apparition of related patterns is higher when the time between the first isolate and the subsequent isolate is longer (Table 1) . However, patterns were relatively stable in pairs of isolates recovered within Ͻ3 months, with only 2.5% of the isolates showing pattern variation. In the isolates of well-defined hospital epidemics examined in the present study, the stability was even greater because only 1.5% of the involved patients harbored a variant pattern. This is in agreement with a recent study showing a low rate of mutation in MRSA strains recovered during a hospital outbreak (14) .
Indistinguishable patterns observed in isolates of two patients do not demonstrate a close epidemiological link. MRSA strains with an indistinguishable pattern were often isolated at intervals of several years from different countries where these strains are endemic (1, 2, 5, 8, 15) . Thus, in a setting where an MRSA strain is highly endemic it is possible that encounters with other patients or healthcare personnel harboring this strain during previous hospitalizations were responsible for the transmission.
Our results present the intriguing feature that the rate of related patterns observed over time was different in long-term carriers compared to patients involved in epidemics. Indeed, a third of the long-term carriers already showed MRSA isolates with subtype pattern variation after 6 months, whereas only 1.5% of persons harbored isolates with variant patterns in the two epidemics lasting more than 1 year. Further work is needed to understand this difference.
In conclusion, since the epidemiological use of a typing method requires interpretation criteria to differentiate clonally related isolates from unrelated isolates, the rate of evolution of the patterns obtained by this particular typing method should be investigated according to the species of bacteria, as well as with reference to the time and space scale under study. The present investigation showed that MRSA strains produce PFGE patterns that are relatively stable over periods of weeks to months.
